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Abstract
In this paper, we study the aerodynamic interactions between the contralateral wings and between the body and wings of a 
model insect, when the insect is hovering and has various translational and rotational motions, using the method numerically 
solving the Navier-Stokes equations over moving overset grids. The aerodynamic interactional effects are identified by compar-
ing the results of a complete model insect, the corresponding wing pair, single wing and body without the wings. Horizontal, 
vertical and lateral translations and roll, pitch and yaw rotations at small speeds are considered. The results indicate that for the 
motions considered, both the interaction between the contralateral wings and the interaction between the body and wings are 
weak. The changes in the forces and moments of a wing due to the contralateral wing interaction, of the wings due to the pres-
ence of the body, and of the body due to the presence of the wings are generally less than 4.5%. Results show that aerodynamic 
forces of wings and body can be measured or computed separately in the analysis of flight stability and control of hovering in-
sects.
Keywords: insect; aerodynamics; Navier-Stokes simulation; wing/wing interaction; wing/body interaction
1. Introduction1
In the last twenty years, many studies have been 
conducted on the aerodynamics of flapping insect 
wings using experimental and computational methods, 
and considerable understanding of the aerodynamic 
force generation mechanisms has been achieved [1-8]. In 
these studies, a single model wing or a model wing 
pair were employed and aerodynamic interactions be-
tween the contralateral wings or between the body and 
the wings were not considered. Recently, Aono, et 
al. [9] investigated the aerodynamic interaction between 
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the body and wings, and Yu, et al. [10] investigated the 
aerodynamic interactions between the contralateral 
wings and between the body and wings, using the 
method of computational fluid dynamics (CFD). They 
mainly considered the case of hover flight. Their re-
sults showed that the interactions between the contra-
lateral wings and that between the body and wings 
were both very weak: changes in aerodynamic forces 
of a wing due to the presence of the other wing were 
less than 3% and changes in aerodynamic forces of the 
wings due to presence of the body less than 2%.  
These results [9-10] mean that the aerodynamic forces 
on a hovering insect can be estimated with reasonably 
good accuracy by computing or measuring the aero-
dynamic forces on each wing and the body separately. 
This would greatly simplify the experimental and 
computational processes. Recently, with the current 
understanding of the aerodynamic force generation 
mechanisms, researchers are beginning to study the Open access under CC BY-NC-ND license.
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dynamic stability and control of insect flight [11-15]. It is 
rather difficult to conduct experiment on real insects to 
study flight stability and control problems. It is diffi-
cult to measure the passive aerodynamic derivatives 
using a real insect, because experiments using real 
insects necessarily include some control responses [14].
Therefore, experimental and computational models are 
mainly used in the current studies on the flight stability 
and control problems [12-15]. If the aerodynamic forces 
and moments on each wing and the body can be com-
puted or measured separately, the aerodynamic model-
ling in the models could be made simpler. In the stud-
ies of Aono, et al. [9] and Yu, et al. [10], hover flight was 
mainly investigated. In the study of flight stability and 
control problems, a model insect would have small 
(perturbed) translational and rotational motions in all 
directions. In these cases, what are the aerodynamic 
interactions between contralateral wings and between 
the body and wings like? When there are lateral mo-
tions, e.g. side translation or yaw rotation, one of the 
wings may be in the wake of the other wing. In these 
cases, are the aerodynamic interactions still very 
small? Moreover, in the studies of Aono, et al. [9] and 
Yu, et al. [10], data on aerodynamic moments were not 
provided. 
The present paper addresses these problems by nu-
merically simulating the flows of a complete model 
insect and of the correponding wing pair, single wing 
and body without the wings, when the model insect 
has various translational and rotational motions of 
small speed. Because of the unique feature of the flow 
problem, i.e. there are three bodies (the insect body, 
the left and right wings) and they are in relative mo-
tion, the approach of solving the flow equations over 
moving overset grids is used.  
2. Methods 
2.1. Model insect and wing motion 
The model insect (a model fruitfly) used in the pre-
sent study consists of a body and a pair of wings. The 
model insect and portions of computational grids are 
shown in Fig. 1. The body of the model insect is ideal-
ized as a body of revolution; the outline of the ideal-
ized body is approximately the same as that of a fruit- 
Fig. 1  Model insect and portions of computational grids. 
fly [16]. The model wings are flat plates with rounded 
leading and trailing edges. The thickness of the plate is 
3% c  ( c  is the mean chord length of wing) and the 
leading or trailing edge radius is 1.5% c . The platform 
of the model wings is similar to that of a fruitfly [16].
The radius r2 of the second moment of wing area is 
0.635R (R is the wing length). The distance between 
the left and right wing-roots is 1.0 c .
On the basis of the available data of free-flying in-
sects [17-18], the flapping motion of the wing can be 
approximated as follows. A wing flaps in a plane 
called stroke plane. Definitions of wing kinematics and 
the reference frames are shown in Fig. 2. In Fig. 2(a): 
(xe, ye, ze), a frame fixed on the earth; (xb, yb, zb), a 
frame fixed on the insect body with its origin at the 
center of mass of the body; at hovering, xbObyb plane is 
horizontal and xb-axis points backwards and yb in the 
right side direction; (x, y, z), a frame parallel to the (xb,
yb, zb) frame, but with its origin at the wing-root. The 
flapping motion of the wing consists of two parts, the 
azimuthal rotation and the flip rotation (rotation 
around an axis along the wing). The time variation of 
the positional angle I (see Fig. 2(b)) of the wing is 
approximated by the simple harmonic function 
0.5 cos (2 )ntI I )  S           (1) 
where n is the wingbeat frequency, t the time, I  the 
mean stroke angle and ) the stroke amplitude. The 
angle of attack D of the wing takes a constant value 
during the downstroke or upstroke translation (the 
constant value is denoted by Dd for the downstroke 
translation and Du for the upstroke translation; Dd and 
Du are called mid-stroke angle of attack); around stroke 
reversal, the wing flips and D changes with time, also 
according to the simple harmonic function. The func-
tion representing the time variation of D during the 
supination at mth cycle is 
r
d 1 1 r
1 1 r
{( ) sin[2 ( ) / ]}
2
ta t t t t t
t t t t
D D '­°     S  '® S° d d  '¯
             (2) 
where 'tr is the time duration of wing rotation during 
the stroke reversal and a is a constant. 
u d r(180 ) /a tD D q  '         (3) 
t1 is the time when the wing-rotation starts 
1 r0.5 / 2t mT T t   '          (4) 
where T is wingbeat period. 
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Fig. 2  Definitions of wing kinematics and reference frames. 
The expression of the pronation can be written in 
the same way. It is assumed that the axis of the pitch-
ing rotation is located at 0.3 c  from the leading edge 
of the wing. 
From Eqs. (1)-(4), it is seen that to prescribe the 
flapping motion, ), n, I , 'tr, Dd and Du need to be 
given. When Eqs. (1)-(2) are non-dimensionalized 
using U, c  and c /U as the reference velocity, length 
and time, respectively (U is the mean flapping velocity, 
defined as U =2) nr2), non-dimensional parameters 
that prescribe the flapping motion of the wing are ),
I , *rt'  (non-dimensional time duration of wing rota-
tion, non-dimensionalized by c /U ), Dd and Du. To 
prescribe the orientation of the insect body, the body 
angle F (see Fig. 2(b)) needs to be given. As can be 
seen below, the only non-dimensional parameter ap-
pearing in the Navier-Stokes equations is the Reynolds 
number. In the present study, typical values of ), I ,
Dd Du, F and Re based on insect flight data are used. 
2.2. Navier-Stokes equations and solution process 
The non-dimensionalized incompressible unsteady 
Navier-Stokes equations, written in the inertial coor-
dinate system (xe, ye, ze) (see Fig. 2(a)), are as follows: 
0 u                  (5) 
21= p
ReW
w   w 
u u u u            (6) 
where u is the non-dimensional fluid velocity, p the 
non-dimensional fluid pressure, W the non-dimensional 
time,  the gradient operation, 2 the Laplacian op-
erator and Re the Reynolds number (Re=U c /Q, where 
Q is the kinematic viscosity of the air).  
The solution method used in the present study is the 
same as those used in Refs. [19]-[20]. Only an outline 
of the method is given here. Eqs. (5)-(6) are numeri-
cally solved using moving overset grids. The algorithm 
was first developed by Rogers, et al. [21-22] for sin-
gle-grid, which was based on the method of artificial 
compressibility and was extended by Rogers, et al. [23]
to overset grids. The time derivatives of the momen-
tum equations are differentiated using a second-order, 
three-point backward difference formula. The deriva-
tives of the viscous fluxes in the momentum equation 
are approximated using second-order central differ-
ences. For the derivatives of convective fluxes, upwind 
differencing based on the flux-difference splitting 
technique is used. A third-order upwind differencing is 
used at the interior points and a second-order upwind 
differencing is used at points next to boundaries. With 
overset grids (see Fig. 1), for each wing or the body 
there is a body-fitted curvilinear grid, which extends a 
relatively short distance from the wing or body sur-
face, and in addition, there is a background Cartesian 
grid, which extends to the far field boundary of the 
domain. The solution method for single-grid is applied 
to each of these grids; data are interpolated from one 
grid to another at the inter-grid boundary points. For 
far field boundary conditions, at the inflow boundary, 
the velocity components are specified as freestream 
conditions while pressure is extrapolated from the in-
terior; at the outflow boundary, pressure is set equal to 
the freestream static pressure and the velocity is ex-
trapolated from the interior. On the wing surfaces, im-
permeable wall and no-slip boundary conditions are 
applied, and the pressure on the boundary is obtained 
through the normal component of the momentum 
equation written in the moving coordinate system. De-
tails of the solution method can be found in Refs. [19]- 
[20]. 
In the present study, the wing grid has 77u35u32
dimensions around the wing, in the spanwise direction 
and in the normal direction, respectively; the body grid 
has 101u67u40 dimensions along the body, in the azi- 
muthal direction and in the normal direction, respec-
tively; the background grid has 113u113u113 dimen-
sions in the xe, ye and ze directions, respectively. Grid 
points of the background grid concentrate on the near 
field of the wings and the body where background grid 
density is approximately the same as that of the outer 
part of the wing grid and also the same as that of the 
outer part of the body grid. The time step value is 
'W   0.02. On the basis of the grid resolution (and time 
step size) studies in Refs. [19]-[20], it is believed that 
the above grid and the time step value are suitable for 
the present study. Portions of the grid system are 
shown in Fig. 1. 
Once the Navier-Stokes equations are numerically 
solved, the fluid velocity components and pressure at 
discrete grid points for each time step are available. 
The aerodynamic force acting on the wing is contrib-
uted by the pressure and the viscous stress on the wing 
surface. Integrating the pressure and the viscous stress 
over the wing surface (or body surface) at a time step 
gives the total aerodynamic force acting on the wing 
(or on the body) at the corresponding time instant. The 
lift of the wing, L, is the component of the total aero-
dynamic force of the wing that is perpendicular to the 
stroke plane; the drag of the wing, D, is the component 
in the stroke plane and perpendicular to the wing span. 
The aerodynamic moments of a wing along the x-, y-
and z-axes are denoted as Mx, My and Mz, respectively. 
The lift, side force and drag of the body, denoted by 
Lb, Sb and Db, respectively, are the xb-, yb- and zb-axes
components of the total aerodynamic force of the body, 
respectively. The aerodynamic moments of the body 
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about the xb-, yb- and zb-axes are denoted as Mb,x, Mb,y
and Mb,z, respectively. The force and moment coeffi-
cients of a wing, denoted by CL, CD, Cm,x, Cm,y and Cm,z,
respectively, are defined as follows: CL=L/(0.5UU 2S),
etc. and Cm,x=Mx/(0.5UU 2S c ), etc. (U is the fluid den-
sity and S is the wing area). The force and moment 
coefficients of the body, CL,b, CS,b, CD,b, Cm,b,x, Cm,b,y,
and Cm,b,z, respectively, are defined as follows: CL,b=
Lb /[0.5UU 2(2S)], etc. and Cm,b,x=Mb,x / [0.5UU 2(2S) c ], 
etc.
2.3. Test of flow solver 
The moving overset grid solver was developed by 
Sun, et al. [19-20]. It was tested by comparison with the 
analytical solution of the starting flow around a sphere 
and with the measured forces on a flapping model 
fruitfly wing [19]. Recently, Sun, et al. [20] further tested 
the solver by comparing the computed force with the 
measured one of an airfoil pair in fling motion. Since
the fling motion involves the interaction between two 
airfoils in close proximity, this test is very relevant to 
the present study. 
3. Results and Discussion 
We investigated the aerodynamic interactions be-
tween contralateral wings and between the body and 
wings of the model insect, when the insect performs 
various translational and rotational motions at small 
speed. Typical values of wing flapping parameters are 
used: Re=200,) =110q, I =5q, Dd (and Du)=40q, F =60q.
3.1. Hovering 
We first consider the hover flight. Fig. 3 shows the 
time courses of the lift, drag and moment coefficients 
of a wing in one wingbeat cycle, for the cases of single 
wing, wing pair and wing pair plus body. For a clear 
description of the time courses of the forces, we ex- 
Fig. 3  Time courses of lift, drag and moment coefficients 
of wing (hover). 
press the time during a cycle as a non-dimensional 
parameter, tˆ , such that tˆ = 0 at the start of a down-
stroke, and tˆ =1 at the end of the subsequent upstroke. 
A small difference is seen between the results of the 
single wing and the wing pair, and there is almost no 
difference between the results of wing pair and wing 
pair plus body. The mean force and moment coeffi-
cients (denoted as ,LC ,DC , ,m xC ,m yC  and , ,m zC
respectively) are given in Table 1. Comparing the re-
sults of the single wing with that of the wing pair 
shows that the magnitudes of change in the mean 
forces and moments due to the contralateral wing in-
teraction are less than 3%. Comparing the results of 
the wing pair with that of wing pair plus body shows 
that the magnitudes of change in the mean forces and 
moments due to the wing/body interaction are less than  
Table 1  Mean lift, drag and moment coefficients of wing 
(hover)
Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.48 1.44 (2.7%) 1.45 (0.7%) 
DC 1.73 1.72 (0.6%) 1.73 (0.6%) 
,m xC 3.27 3.23 (1.2%)      3.23 (0%) 
,m yC 1.56 1.56 (0%) 1.58 (1.3%) 
,m zC 4.20 4.20 (0%) 4.23 (0.7%) 
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1.5%. These results show that the aerodynamic inter-
actions between the contralateral wings and between 
the body and wings are very weak. 
The weak interactions can be explained as follows. 
Fig. 4 gives the iso-vorticity surface plots of the flow 
(in the plots, the magnitude of the non-dimensional 
vorticity is 1). In a downstroke or upstroke, a ringlike 
vortex structure is produced by each wing, which is 
called vortex ring in this paper (a flapping wing pro-
ducing a vortex ring in each downstroke or upstroke is 
expected from the basic laws of vorticity dynamics). It 
is well known that a vortex ring induces a jet-like flow 
through the ring but the induced velocity outside the 
ring is very small. The vortex rings of the left and right 
wings are on the two sides of the body. That is, one 
wing is outside vortex ring of the other wing and the 
body is outside the vortex rings of the left and right 
wings. Thus the wake of one wing could produce very 
little induced velocity on the other wing or on the in-
sect body. This can be clearly seen in Fig. 5, which 
shows the flow field produced by the single wing (ve-
locity-vectors and streamlines in a vertical plane pass-
ing the two wing-roots): a jet-like flow is seen going 
through the vortex ring of the wing, but the induced 
velocity outside the ring is very small. This explains 
why the interactions between the wings and the body 
are very small. 
Fig. 4  Iso-vorticity surface plots. 
Fig. 5  Flow field produced by single wing (hover). 
3.2. Translational motions 
Here we investigate the aerodynamic interactions 
when the model insect performs translational motions: 
forward and backward, upward and downward, and 
lateral translations. The translation speed at each direc-
tion is set as 0.15U (as mentioned above, U is the 
mean flapping velocity; in flight stability and stabiliza-
tion control analyses, the perturbation speed is less 
than 0.15U, see Ref. [12] and Ref. [14]).  
(1) Forward and backward translations 
Fig. 6 shows the time courses of the lift, drag and 
moment coefficients of a wing in one wingbeat cycle 
when the model insect conducts forward translation  
(results of backward translation are similar). The mean 
force and moment coefficients for both the forward 
and backward translations are given in Table 2. Similar 
to the case of hover flight, only a very small difference 
is seen between the results of the single wing and the 
wing pair and between the results of wing pair and 
wing pair plus body: the magnitudes of change in the 
mean forces and moments caused by the contralateral 
wing interaction and those caused by the wing/body 
interaction are less than 3%. 
No.4 LIANG Bin et al. / Chinese Journal of Aeronautics 24(2011) 396-409 · 401 ·
Fig. 6  Time courses of lift, drag and moment coefficients 
of wing (forward translation at 0.15U ).
Table 2  Mean lift, drag and moment coefficients of wing 
(forward/backward translation at 0.15U )
Motion  Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.53 1.52 (0.7%) 1.53 (0.7%) 
DC 1.73 1.75 (0.6%) 1.75 (0%) 
,m xC 3.36 3.37 (0.3%) 3.38 (0.3%) 
,m yC 1.60 1.61 (0.6%) 1.57 (2.5%)
Forward 
translation 
,m zC 4.20 4.25 (1.2%) 4.22 (0.7%)
LC 1.51 1.50 (0.7%) 1.50 (0%) 
DC 1.74 1.76 (1.1%) 1.74 (1.1%)
,m xC 3.30 3.30 (0%) 3.28 (0.6%)
,m yC 1.64 1.67 (1.8%) 1.64 (1.8%)
Backward 
translation 
,m zC 4.23 4.29 (1.4%) 4.25 (0.9%)
The weak interactions can be explained in the same 
way as in the case of hover flight: one wing is outside 
vortex ring of the other wing and the body is outside 
the vortex rings of the left and right wings; thus the 
wake of one wing could produce very little induced 
velocity on the other wing or on the insect body. 
(2) Upward and downward translations 
Fig. 7(a) shows the time courses of the lift, drag and 
moment coefficients of a wing in one wingbeat cycle 
when the model insect conducts upward translation 
and Fig. 7(b) shows the corresponding results for 
downward translation. The mean lift, drag and moment 
coefficients for both the upward and downward trans-
lations are given in Table 3. Similar to the cases of 
hover flight and forward/backward flight, only a very 
small difference is seen between the results of the sin-
gle wing and the wing pair and between the results of 
wing pair and wing pair plus body: the magnitudes of  
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Fig.7  Time courses of lift, drag and moment coefficients of 
wing (upward/downward translation at 0.15U ).
Table 3  Mean lift, drag and moment coefficients of wing 
(upward/downward translation at 0.15 U )
Motion Parameter Single wing Wing pair Wing pair plus body
LC 1.26 1.23 (2.4%) 1.25 (1.6%) 
DC 1.48 1.48 (0%) 1.48 (0%) 
,m xC 2.85 2.81 (1.4%) 2.83 (0.7%) 
,m yC 1.36 1.35 (0.7%) 1.36 (0.7%) 
Upward 
translation 
,m zC 3.63 3.63 (0%) 3.64 (0.3%) 
Continued
Motion Parameter Single wing Wing pair Wing pair plus body
LC 1.68 1.61 (4.2%) 1.57 (2.5%) 
DC 1.89 1.86 (1.6%) 1.86 (0%) 
,m xC 3.61 3.58 (0.8%) 3.50 (2.2%) 
,m yC 1.70 1.72 (1.2%) 1.73 (0.6%) 
Downward
translation
,m zC 4.52 4.56 (0.9%) 4.54 (0.4%) 
change in the mean lift and mean drag caused by the 
contralateral wing interaction and those caused by the 
wing/body interaction are less than 4.5%. The weak 
interactions can be explained in the same way as in the 
cases of hover flight and forward/backward flight. 
(3) Lateral translations 
Let us first consider the case of the insect moving 
towards its right side. Fig. 8(a) shows the time courses 
of the lift and drag coefficients of the left wing in one 
wingbeat cycle and Fig. 8(b) shows the corresponding 
results of the right wing. The corresponding mean lift 
and drag coefficients are given in Table 4. For the right 
wing (see Fig. 8(b) and Table 4), a very small differ-
ence is seen between the results of the single wing and  
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Fig. 8  Time courses of lift, drag and moment coefficients 
of left and right wings (moving to right at 0.15U).
Table 4  Mean lift, drag and moment coefficients of wing  
(moving to right at 0.15U )
Wing  Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.76 1.63 (7.4%) 1.64 (0.6%) 
DC 1.08 1.02 (5.5%) 1.03 (1.0%) 
,m xC 3.58 3.38 (5.6%) 3.39 (0.2%) 
,m yC 1.72 1.64 (4.7%) 1.65 (0.6%) 
Left 
,m zC 4.15 4.03 (2.9%) 4.04 (0.2%) 
LC 1.35 1.37 (1.5%) 1.36 (0.7%) 
DC 1.78 1.81 (1.7%) 1.81 (0%) 
,m xC 3.17 3.22 (1.6%) 3.21 (0.3%) 
,m yC 1.62 1.65 (1.9%) 1.64 (0.6%) 
Right 
,m zC 4.41 4.49 (1.8%) 4.48 (0.2%) 
the wing pair and between the results of wing pair and 
wing pair plus body; but for the left wing (see Fig. 8(a) 
and Table 4), the difference between the results of the 
single wing and the wing pair is relatively significant. 
For example, for the right wing, the magnitude of 
change in LC  due to the contralateral wing interaction 
is 1.5%, but for the left wing, the number is 7.4%, 
relatively larger. 
Let us try to explain why in this case the aerody-
namic effect on the left wing by the right wing is rela-
tively large. Fig. 9 gives the iso-vorticity surface plots 
of the vortex wakes of the wings and body at the end 
of downstroke. Comparing the vortex wakes in Fig. 9 
with that of hover flight (see Fig. 4), it is observed that 
the wakes are moved to the left by a small distance 
relative to the insect body (due to the right-side trans-
lation of the insect). That is, the left wing is a little 
closer to the wake of the right wing, hence is affected a 
little more by the right wing than in the case of hover 
flight, resulting in the relatively large aerodynamic 
effect. This can also be seen from flow field plots. 
Fig. 10 shows the flow field produced by the single 
right wing when the insect has right-side translation. 
Comparing the flow field plot in Fig. 10 with that of 
hover flight (see Fig. 5), it is seen that in the region 
where the left wing moves, the downwash velocity 
produced by the right wing is larger in Fig. 10 than in 
Fig. 5. 
For the case of the insect moving towards its left 
side, it is obvious that results opposite to the above 
would be obtained for the left and right wings. 
Fig. 9  Iso-vorticity surface plots at the end of downstroke 
(moving to the right at 0.15U), top view. 
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Fig. 10  Flow field produced by single wing (moving to 
right at 0.15U).
3.3. Rotational motions 
Here we consider the cases of the model insect per-
forming roll, pitch and yaw rotations (rotations about 
xb-axis, yb-axis and zb-axis, respectively, see Fig. 2). 
The rotational speed at each direction is set as 
0.03U/ c . In flight stability and stabilization control 
analyses, the perturbation rotational speed is less than 
0.03U/ c  (see Ref. [12] and Ref. [14]). 
(1) Roll rotation 
Let us consider the case of the insect rolling to its 
right side. Fig. 11(a) shows the time courses of the lift, 
drag and moment coefficients of the left wing in one 
wingbeat cycle, and Fig. 11(b) shows the correspond-
ing results of the right wing. The mean force and mo-
ment coefficients for the wings are given in Table 5. 
For the left wing (see Fig. 11(a) and Table 5), only 
small differences are seen between the results of the 
single wing and the wing pair and between the results 
of wing pair and wing pair plus body, while for the 
right wing (see Fig. 11(b) and Table 5) the difference 
between the results of the single wing and the wing 
pair is a little larger. For the left wing, the magnitudes 
of change in the mean forces and moments caused by 
the contralateral wing interaction and those caused by 
the wing/ body interaction is less than 2%; while for 
the right wing, this number is 6%. The reason for this  
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Fig. 11  Time courses of lift, drag and moment coefficients 
of left and right wings (rolling to right at 
0.03U/ c ).
Table 5  Mean lift, drag and moment coefficients of left 
and right wings (rolling to right at 0.03U/ c )
Wing  Parameter Single wing Wing pair 
Wing pair 
plus body 
LC 1.35 1.34 (0.7%) 1.35 (0.7%)
DC 0.94 0.94 (0%) 0.94 (0%) 
,m xC 3.02 3.01 (0.3%) 3.04 (0.9%)
,m yC 1.47 1.49 (1.4%) 1.50 (0.7%)
Left 
,m zC 3.93 3.99 (1.5%) 4.00 (0.2%)
LC 1.60 1.51 (5.6%) 1.49 (1.3%)
DC 1.74 1.69 (2.9%) 1.68 (0.6%)
,m xC 3.36 3.26 (3.0%) 3.19 (2.1%)
,m yC 1.60 1.55 (3.1%) 1.54 (0.6%)
Right 
,m zC 4.12 4.07 (1.2%) 4.02 (1.2%)
may be that because of the right-side rolling, the right 
wing moves downward and becomes a little more 
closer to the wake vortices of the left wing and the 
body. 
For the case of the insect rolling to its left side, it is 
obvious that results opposite to the above would be 
obtained for the left and right wings. 
(2) Pitch rotation 
Fig. 12 shows the time courses of the lift, drag and 
moment coefficients of a wing in one wingbeat cycle 
when the model insect conducts pitch-up rotation  
(results for pitch-down rotation are similar). The mean 
force and moment coefficients for both the pitch-up 
and pitch-down rotations are given in Table 6. Only a 
very small difference is seen between the results of the 
single wing and the wing pair and between the results  
Fig. 12  Time courses of lift, drag and moment coefficients 
of wing (pitch-up at 0.03U/ c ).
Table 6  Mean lift, drag and moment coefficients of wing 
(pitch-up/down at 0.03U/ c )
Motion Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.47 1.43 (2.7%) 1.43 (0%) 
DC 1.70 1.71 (0.6%) 1.71 (0%) 
,m xC 3.24 3.20 (1.2%) 3.20 (0%) 
,m yC 1.55 1.55 (0%) 1.55 (0%) 
Pitch-up
,m zC 4.14 4.16 (0.5%) 4.17 (0.2%)
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Continued
Motion  Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.48 1.43 (3.4%) 1.42 (0.7%) 
DC 1.72 1.71 (0.6%) 1.70 (0.6%) 
,m xC 3.26 3.20 (1.8%) 3.18 (0.6%) 
,m yC 1.56 1.56 (0 %) 1.55 (0.6%) 
Pitch- 
down 
,m zC 4.17 4.18 (0.2%) 4.17 (0.2%) 
of wing pair and wing pair plus body: the magnitudes 
of change in the mean lift and mean drag caused by the 
contralateral wing interaction and those caused by the 
wing/body interaction are less than 3.5%. Again, the 
weak interactions can be explained in the same way as 
in the cases of hover flight and forward/backward 
flight, i.e. one wing is outside vortex ring of the other 
wing and the body is outside the vortex rings of the  
left and right wings and hence the wake of one wing 
could produce very little induced velocity on the other 
wing or on the insect body. 
(3) Yaw rotation 
Let us consider the case of the insect yawing to its 
right side. Fig. 13(a) shows the time courses of the lift, 
drag and moment coefficients of the left wing in one 
wingbeat cycle, and Fig. 13(b) shows the correspond-
ing results of the right wing. The mean force and mo-
ment coefficients for the wings are given in Table 7. 
For both the left and right wings, there is only a small 
difference between the results of the single wing and 
the wing pair and between the results of wing pair and 
wing pair plus body: the magnitudes of change in the 
mean lift and mean drag caused by the contralateral  
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Fig. 13  Time courses of lift, drag and moment coefficients 
of left and right wings (yawing to the right at 
0.03U/ c ).
Table 7  Mean lift, drag and moment coefficients of left 
and right wings (yawing to right at 0.03U/ c )
Wing  Parameter Single wing Wing pair 
Wing pair 
plus body 
LC 1.50 1.46 (2.7%) 1.47 (0%) 
DC 1.02 1.01 (0.0%) 1.01 (0%) 
,m xC 3.30 3.26 (1.2%) 3.26 (0%) 
,m yC 1.56 1.56 (0%) 1.56 (0%) 
Left 
,m zC 4.18 4.20 (0.5%) 4.20 (0%) 
LC 1.47 1.44 (2.0%) 1.45 (0%) 
DC 1.72 1.72 (0%) 1.73 (0%) 
,m xC 3.24 3.21 (0.9%) 3.22 (0.3%) 
,m yC 1.58 1.59 (0.6%) 1.60 (0.6%) 
Right 
,m zC 4.19 4.20 (0.2%) 4.23 (0.7%) 
wing interaction and those caused by the wing/body 
interaction are less than 3%. 
For the present case, one might expect that because 
of the yawing, one wing could be closer to the wake of 
the other than that in the case of hover flight and a 
relatively large interactional effect would exist. How-
ever, as seen in Fig. 13 and Table 7, the interactional 
effect is weak. This may be explained as follows. The 
rate of yaw rotation is 0.03U/ c  or 0.25 rad/wingbeat. 
In one wingbeat, the insect rotates by an angle of about  
14q. As seen from the side view of the vortex wake 
(see Fig. 4), in one wingbeat, the wake (produced one 
wingbeat ago) moves down by a distance of almost 
one winglength. Thus, before a wing could move to be 
near to the wake of the other wing, the wake has al-
ready moved far downstream and could not have any 
effect on the wing. 
3.4. Forces and moments on the body 
In the above sections, for clarity, we only discuss 
the forces and moments on the wings. Here we look at 
the forces and moments on the body and examine how 
they are affected by the wing/body interaction. The 
mean force and moment coefficients of the body for 
both the cases of body with wing pair and body only 
are listed in Table 8. 
From Table 8, the following observation can be 
made. Comparing the results of body with wing pair 
with that of body only, it is seen that for all the mo-
tions considered, the effect of the wings on the forces 
and moments of the body is very small: the magnitudes 
of change in the mean force and moment coefficients  
Table 8  Mean lift, drag , side force and moment coefficients of body
Motion Case ,bLC ,bDC ,bSC bm, ,xC bm, ,yC bm, ,zC
body + wings 0.005 0.005 0 0 0 0 
Hover 
body only 0 0 0 0 0 0 
body + wings 0.018 0.025 0 0 0.033 0 Forward 
translation body only 0.003 0.022 0 0 0.009 0 
body + wings 0.009 0.038 0 0 0.023 0 Backward 
translation body only 0.004 0.022 0 0 0.004 0 
body + wings 0.020 0.013 0.001 0 0.004 0Upward 
translation body only 0.017 0.002 0 0 0.007 0
body + wings 0.026 0.008 0 0 0.013 0Downward 
translation body only 0.017 0.002 0 0 0.004 0
body + wings 0.007 0.008 0.022 0.029 0.006 0.016 Right-side 
translation body only 0 0 0.024 0.003 0 0.002 
body + wings 0.020 0 0.019 0.002 0.001 0.007 Rolling to 
right body only 0.001 0 0 0.003 0.001 0.001 
body + wings 0.004 0.008 0.001 0 0.005 0
Pitch-up
body only 0.001 0 0 0 0.004 0
body + wings 0.020 0.011 0.001 0 0.021 0 
Pitch-down
body only 0 0 0.000 0 0.004 0 
body + wings 0.021 0.009 0.001 0.006 0.007 0.008 Yawing to 
right body only 0.001 0.001 0 0.001 0.001 0.001 
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caused by the wing/body interaction are less than 
0.025. The mean lift coefficient of the model insect 
(body plus wing pair) is about 1.45. That is, the 
changes in the mean forces of the body caused by the 
wing/body interaction are less than 2% of the mean lift 
coefficient of the model insect. 
The weak aerodynamic effect of the wings on the 
body can be explained as follows. In the case of hover 
flight, as observed in Figs. 4-5, the body is outside the 
vortex rings of the left and right wings and hence the 
wake of the wings could produce very little induced 
velocity on the body, resulting in the weak aerody-
namic effect. In the cases of translational and rota-
tional motions, because the speed of the motions is 
low, the body is still outside the vortex rings of the left 
and right wings (e.g. see Fig. 9); again, the wake of the 
wings could produce very little induced velocity on the 
body, resulting in the weak aerodynamic effect. 
3.5. Results at a higher Re 
In the above sections, the Reynolds number is set as 
200. Here, a higher Re (Re =1 800) is considered. As 
mentioned above, in the present study, reference ve-
locity used for Re is the mean flapping velocity at the 
radius r2 of second moment of wing area, thus Re=200
would represent the Reynolds number of relatively 
small insects, such as fruitflies and Re=1 800 would 
represent the Reynolds number of relatively large in-
sects, such as hawkmoths and dragonflies. At this rela-
tively high Reynolds number (Re =1 800), three cases 
are computed, hovering, lateral translation (moving to 
the right at speed 0.15U ) and roll rotation (rolling to 
the right at angular speed 0.03U/ c ). The reason we 
choose to compute the cases of lateral translation and 
roll rotation is that, as seen above (see Fig. 8 and Table 
4; Fig. 11 and Table 5), these cases have relatively 
large wing/wing and wing/body effects. 
The mean force and moment coefficients for the 
wings are given in Table 9. At hovering, the magni-
tudes of change in the mean forces and moments due 
to the contralateral wing interaction are less than 3.5%, 
only slightly larger than that of the case of Re=200
(comparing the results in Table 9 with that in Table 1). 
At lateral translation, the magnitudes of change in 
the mean forces and moments caused by the contralat-
eral wing interaction and those caused by the 
wing/body interaction are less than 7.5%, about the 
same as that of the case of Re=200 (comparing the 
results in Table 9 with that in Table 4). 
Table 9  Mean lift, drag and moment coefficients of wing 
at Re=1 800 
Motion  Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.66 1.60 (3.2%) 1.60 (0.2%) 
DC 1.61 1.58 (1.7%) 1.59 (0.7%) 
,m xC 3.61 3.54 (1.9%) 3.53 (0.3%) 
,m yC  1.70 1.68 (1.2%) 1.69 (0.6%) 
Hover
,m zC 3.94 3.91 (0.8%) 3.94 (0.8%) 
Continued
Motion Parameter Single wing Wing pair 
Wing pair plus 
body 
LC 1.93 1.79 (7.4%) 1.80 (0.7%) 
DC 1.05 0.99 (6.3%) 0.99 (0.7%) 
,m xC 3.88 3.66 (5.7%) 3.69 (0.8%) 
,m yC 1.90 1.78 (6.3%) 1.81 (1.7%) 
Moving to
right
(left wing)
,m zC 3.94 3.73 (5.3%) 3.77 (1.0%) 
LC 1.50 1.52 (1.3%) 1.50 (0.9%) 
DC 1.64 1.68 (2.7%) 1.67 (0.9%) 
,m xC 3.45 3.50 (1.4%) 3.46 (1.1%) 
,m yC 1.71 1.79 (4.7%) 1.73 (3.4%) 
Moving to
right
(right wing)
,m zC 4.10 4.22 (2.9%) 4.17 (1.2%) 
LC 1.52 1.49 (2.3%) 1.51 (1.9%) 
DC 0.90 0.89 (1.0%) 0.90 (1.2%) 
,m xC 3.34 3.30 (1.2%) 3.35 (1.5%) 
,m yC 1.59 1.60 (0.6%) 1.61 (0.6%) 
Rolling to
right
(left wing)
,m zC 3.62 3.67 (1.4%) 3.70 (0.8%) 
LC 1.78 1.68 (6.1%) 1.67 (0.4%) 
DC 1.63 1.58 (3.3%) 1.56 (1.2%) 
,m xC 3.59 3.71 (3.3%) 3.55 (4.3%) 
,m yC 1.71 1.75 (2.3%) 1.72 (1.7%) 
Rolling to
right
(right wing)
,m zC 3.84 3.87 (0.8%) 3.78 (2.3%) 
At roll rotation, the magnitudes of change in the 
mean forces and moments caused by the contralateral 
wing interaction and those caused by the wing/body 
interaction are less than 6.5%, again, about the same as 
that of the case of Re=200 (comparing the results in 
Table 9 with that in Table 5). 
3.6. Some discussions on computing or measuring 
forces on each wing and body separately 
In the study of flight stability and control problems 
of a hovering insect, the insect would have small per-
turbed motions: translational and rotational motions in 
all directions. If the aerodynamic forces and moments 
on each wing and the body can be computed or meas-
ured separately, the modeling for the stability and con-
trol studies could be made much simpler. Therefore, it 
is of interest to know how well the aerodynamic forces 
and moments obtained by computing or measuring 
separately from each wing and the body can represent 
that with wing/wing and wing/body interactions. 
The above results show that changes in the mean 
forces and moments of a wing due to the contralateral 
wing interaction are generally less than 7% and 
changes in the mean forces and moments of the wings 
due to the presence of the body are less than 1.5%. 
These results are for the cases at translational speed 
0.15U and rotational speed 0.25 rad/wingbeat. These 
are relatively high speeds. In reality, the perturbed 
translational and rotational speeds would be smaller, 
because an insect would suppress the disturbance mo-
tion by stabilization control before the disturbances 
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grow obvious. Therefore, it is expected that the inter-
action effects would be even smaller. As a result, it can 
be said that using aerodynamic forces and moments 
obtained by computing or measuring separately from 
each wing and the body is a good approximation.
4. Conclusions 
(1) The changes in the forces and moments of a 
wing due to the contralateral wing interaction gener-
ally are less than 4.5%, except for the cases of lateral 
translation and roll rotation; for these two cases, the 
numbers are 7.5% and 6.0% respectively. 
(2) The changes in the forces and moments of the 
wings due to the presence of the body are less than 
1.5%.
(3) The changes in the aerodynamic forces of the 
body due to the presence of the wings are less than 
3.0% of the mean lift coefficient of the model insect.  
(4) The reasons for the weak interactions are as fol-
lows. During each downstroke or upstroke, a wing 
produces a vortex ring, which induces a relatively 
large jet-like flow inside the ring but very small flow 
outside the ring. The vortex rings of the left and right 
wings are on the two sides of the body. Thus one wing 
is outside vortex ring of the other and the body is out-
side the vortex rings of the left and right wings, re-
sulting in the weak interactions. 
(5) In flight stability and control analysis of a hov-
ering insect, using aerodynamic forces and moments 
obtained by computing or measuring separately from 
each wing and the body is a good approximation.
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